The internalisation potential of Listeria monocytogenes, Staphylococcus aureus, Escherichia coli O157:H7 and Salmonella enterica subsp. enterica serovar Typhimurium in lettuce was evaluated using seedlings grown in vermiculite in seedling trays as well as hydroponically grown lettuce. Sterile distilled water was spiked with one of the four human pathogenic bacteria (10 5 CFU/mL) and used to irrigate the plants. The potential for pathogen internalisation was investigated over time using light microscopy, transmission electron microscopy and viable plate counts. Additionally, the identities of the pathogens isolated from internal lettuce plant tissues were confirmed using polymerase chain reaction with pathogen-specific oligonucleotides. Internalisation of each of the human pathogens was evident in both lettuce seedlings and hydroponically grown mature lettuce plants. To our knowledge, this is the first report of S. aureus internalisation in lettuce plants. In addition, the levels of background microflora in the lettuce plants were determined by plate counting and the isolates identified using matrix-assisted laser ionisation-time of flight (MALDI-TOF). Background microflora assessments confirmed the absence of the four pathogens evaluated in this study. A low titre of previously described endophytes and soil inhabitants, i.e., Enterobacter cloacae, Enterococcus faecalis, Lysinibacillus fusiformis, Rhodococcus rhodochrous, Staphylococcus epidermidis and Staphylococcus hominis were identified.
INTRODUCTION
Dietary guidelines from governmental agencies and nationally recognised health professional organisations in many countries recommend an increase in the consumption of fresh fruit and vegetables (Beuchat ) . Contrary to food products derived from animals, which are generally cooked, fruit and vegetables are mostly consumed raw. Internalisation studies to date have focused mainly on either E. coli or S. Typhimurium (Deering et al. a) . The objective of this study was to investigate the potential of both Gram-negative (E. coli O157:H7, S. Typhimurium) and Gram-positive (S. aureus, L. monocytogenes) human pathogenic bacteria to internalise lettuce seedlings and mature plants in one study under similar controlled conditions. The internalisation of the specified pathogens was demonstrated using light and transmission electron microscopy (TEM), and viable plate counts with polymerase chain reaction (PCR) confirmation of pathogen identity.
The background microflora was also isolated and identified using matrix-assisted laser ionisation-time of flight (MALDI-TOF). 
MATERIALS AND METHODS

Bacterial strain and inoculum preparation
Verification of uptake and distribution
Seedlings and mature lettuce plants treated with crystal violet were cut vertically for visual verification of dye entrance, water uptake and distribution.
Effectiveness of surface disinfection
Butterhead lettuces (Lactuca sativa cv. Nadine) (28 days old) were separated into leaves and roots. Twenty-four leaves and roots were divided into two sets each (Set A surface disinfected and Set B non-surface disinfected). Leaves and roots within each set were subdivided into four subsets for each of the selected pathogens. Surfaces of leaves and roots in both Set A and Set B were inoculated with 50 μL respective bacterium inoculums using 10 5 CFU/mL. Inocu 
Microbiological analysis of seedlings
The lettuce seedlings and mature plants were surface disinfected as previously described. Seedlings inoculated with the respective bacterial pathogens and the control were chopped in a sterile Petri dish in 1 mL quarter strength Ringer's solution using a sterile scalpel. Each seedling sample was subsequently serially diluted and plated onto selective agar and Standard 1 agar as described previously. The plates were incubated at 37 W C for 24 hours, counts recorded and transformed to log 10 (x þ 1) CFU/g.
Microbiological analysis of mature plants
Ten grams of both mature lettuce roots and leaves were weighed aseptically, separated and placed into sterile polyethylene bags together with 90 mL quarter strength Ringer's solution and homogenised for 5 min at 260 rpm in a Stomacher ® 400. The liquid phase was removed and filtered through a 0.45 μm cellulose nitrate filter. The filter was placed in 9 mL TSB, serially diluted, plated and incubated as described previously. Colony counts were recorded and transformed to log 10 (x þ 1) CFU/g.
DNA extraction and PCR
In order to confirm the presence of E. coli O157:H7, L.
monocytogenes, S. Typhimurium and S. aureus in both the lettuce seedlings and mature lettuce plants, PCR was performed using DNA extracted from the samples collected.
The 0.45 μm cellulose nitrate filters were inoculated into TSB as described previously. Bacterial cells were cultured aerobically for 48 hours at 37 W C with agitation at 200 rpm.
The DNA was extracted using the Triton-X method described by Wang & Slavik () with some modifications. One millilitre of the respective bacterial cultures was centrifuged at 6,000 × g for 5 min. The process was repeated if the pellet was too small. The pellets were washed three times using 1 mL sterile double distilled water and subsequently centrifuged at 16,000 × g for 5 min.
The pellets were resuspended in 50 μL 1% (v/v) Triton X-100 (Sigma, Johannesburg, SA), boiled for 10 min at For light microscopy (LM), monitor sections (0.5 μm)
were cut, stained in Toluidine blue (Merck) and mounted in immersion oil before being examined using the Nikon Optiphot Transmitted Light Microscope (Nikon, Japan).
LM sections were selected randomly for viewing. Following positive identification of bacteria within these sections, samples were cut into ultra-thin sections with an ultra microtome for TEM. The ultra-thin sections were contrasted in 4%
(v/v) aqueous uranyl acetate (Merck) for 10 min, followed by Reynolds' lead citrate (Merck) for 2 min and examined using the Jeol JEM-2100F Field Emission Electron Microscope (JEOL, Japan).
Pure bacterial cultures of the respective pathogens were prepared for morphological comparisons. A single pure colony of each respective bacterium was prepared and inoculated into TSB as described previously. The cells were cultured aerobically for 48 hours at 37 W C with shaking at 200 rpm. One millilitre of each bacterial culture was centrifuged at 6,000 × g for 2 min and the process was repeated until a large enough pellet was obtained. The pellets were prepared for light and TEM as described previously. The following modifications were included for the TEM, samples were centrifuged at 6,000 × g for 2 min and resuspended between each step. Following the addition of fresh pure Quetol, the pellets were not resuspended but allowed to 
Data analysis
The data collected were analysed by analysis of variance procedures and means were separated using the Duncan's multiple range test at the 5% level. Statistical analyses were done using SAS 9.2 software (SAS Institute Inc., Cary, NC, USA). To assess whether the same internalisation pattern observed in the lettuce seedlings could be seen with mature lettuce plants, plate counts for both roots and leaves were combined to give an overall whole plant analysis.
RESULTS
Effectiveness of surface disinfection
After surface disinfection of lettuce leaves and roots, a reduction in total viable bacteria numbers from 6.36 to 0.34 log CFU/g per lettuce leaf and from 6.92 to 0.30 log CFU/g per lettuce root was observed. Overall, the surface sterilisation effectiveness was 95% for both the lettuce leaves and roots.
Verification of dye uptake and distribution
Crystal violet dye could only be seen within the roots of seedlings grown in seedling trays (Figure 1) . However, the dye was observed in both the roots and stems of mature lettuce plants grown in the hydroponic system (Figure 1 ). The root system was darkly stained, the stems were lightly stained and the leaf internal issue did not stain at all (Figures 1(e) and 1(f) ).
Microbiological analysis of lettuce seedlings
Internalisation of E. coli O157:H7 in lettuce seedlings occurred after 3 days of irrigation with artificially contaminated water and could be detected for the entire 28 day duration of the experiment, ranging from 1.48 to 4.53 log CFU/g (Table 2 ). Statistical analysis showed that the number of internalised E. coli O157:H7 increased significantly from day 3 to day 5, with no significant differences in bacterial numbers noted from day 7 to day 28 (Table 2 ).
L. monocytogenes was internalised in lettuce seedlings
following 5 days of irrigation as opposed to E. coli O157:
H7 which was detected on day 3 ( Table 2 ). The highest number of internalised L. monocytogenes was determined for day 5 (3.46 log CFU/g), whereafter it gradually decreased from day 7 to day 14, while the pathogen could not be isolated from the internal seedling tissue for the remainder of the experiment (Table 2) . Comparison of bacterial numbers determined from day 3 to day 14 using statistical analysis showed that they were similar, and not significantly different (Table 2 ).
S. Typhimurium was internalised in lettuce seedlings
only after 7 days of irrigation as opposed to E. coli O157:
H7 and L. monocytogenes which were detected on day 3
and day 5, respectively. Statistical analysis showed that the bacterial numbers determined from day 7 to day 28, ranging from 0.98 to 1.35 log CFU/g were similar and not significantly different (Table 2 ).
S. aureus was isolated from lettuce seedlings from day 3 to day 21 at similar levels, not significantly different, ranging from 1.24 to 2.83 log CFU/g. On day 28, S. aureus was not detected following plating onto selective agar and the absence of the pathogen was confirmed by PCR analysis (Table 2 ).
The identities of all presumptive colonies isolated from the respective selective media were confirmed by PCR analysis (results not shown). Similarly, the absence of the four pathogens in the control lettuce seedlings was confirmed using PCR analysis.
Lettuce seedlings grown in seedling trays with sterile growth medium and irrigated with sterile water (negative control) still retained natural microflora. Natural microflora titres in the lettuce seedlings were present at nonsignificantly different levels from day 3 to day 28 (Table 3) .
Identification of the natural internal microflora isolates using the MALDI-TOF revealed the presence of several well-known bacterial spp. in the lettuce seedlings. These cloacae, L. fusiformis and S. epidermidis.
Comparison of the weight of the lettuce seedlings infected with the four respective pathogens to that of the control seedlings showed no real significant difference (results not shown). The data collected were analysed by analysis of variance procedures, and means were separated using the Duncan's multiple range test at the 5% level. Statistical analyses were done using SAS 9.2 software (SAS Institute Inc., Cary, NC, USA). *Means within rows followed by the same letters do not differ significantly (P ¼ 0.05). The data collected were analysed by analysis of variance procedures, and means were separated using the Duncan's multiple range test at the 5% level. Statistical analyses were done using SAS 9.2 software (SAS Institute Inc., Cary, NC, USA). *Means within rows followed by the same letters do not differ significantly (P ¼ 0.05).
Microbiological analysis of mature lettuce plants
Similar to lettuce seedlings, natural internal microflora was present in the control roots and leaves of mature lettuce plants grown in sterile water (Table 3 ). Natural internal microflora was detected in the mature lettuce plants for the entire duration of the experiment (Table 3) . Analysis of the control roots indicated that natural microflora titres were found to be not significantly different, ranging from 6.43 to 7.27 log CFU/g ( Table 3 ). The bacterial titres in the control leaves were the highest on day 28 (6.92 log CFU/g) and significantly different from day 7 with the lowest bacterial count (4.83 log CFU/g) measured on day 21 (Table 3) . Bacterial titres for the whole plants ranged from 6.60 to 7.78 log CFU/g (Table 3 ). found to be present in the mature lettuce roots. Microbacterium arborescens was found to be the most abundant in the mature lettuce leaves followed by A. creatinolyticus, L. fusiformis and E. cloacae. In comparison, E. faecalis was found to be most abundant in the mature lettuce roots followed by E. cloacae, L. fusiformis, M. arborescens and
A. creatinolyticus.
None of the four pathogens was found to be present in mature lettuce plants prior to inoculation and transplanting.
E. coli O157:H7 was found internalised in both the roots and leaves of mature lettuce plants in the hydroponic system after 7, 14, 21 and 28 days (Table 4) . No significant difference in internalisation levels for this pathogen in the roots were observed throughout the entire 28 day period, with viable plate counts ranging from 4.98 to 6.37 log CFU/g (Table 4 ). A significant increase of internalised E.
coli O157:H7 from day 7 (3.70 log CFU/g) to day 14 (5.17 log CFU/g) was found in the lettuce leaves, followed by no significant difference for the remainder of the experiment.
The E. coli O157:H7 internalisation levels in the whole plants ranged from 5.01 log CFU/g on day 7 to 6.38 log CFU/g on day 21 (Table 4) .
Internalisation levels of L. monocytogenes in the roots ranged from 2.97 to 5.75 log CFU/g over the 28 day period. The pathogen levels determined for days 7, 14 and 28 were similar and not significantly different (Table 4) . L.
monocytogenes titres fluctuated in the lettuce leaves from 2.26 log CFU/g (lowest) to 6.01 log CFU/g (Table 4 ). L.
monocytogenes titres fluctuated in the whole plants, ranging from 4.33 log CFU/g on day 21 to 6.11 log CFU/g on day 7
( Table 4) .
Internalisation levels of S. Typhimurium in the roots of mature lettuce plants were not significantly different from day 7 (4.16 log CFU/g) to day 21 (4.73 log CFU/g), however a significant increase was observed on day 28 (5.87 log CFU/g) ( Table 4 ). Similar to L. monocytogenes, the detection levels of S. Typhimurium in the lettuce leaves were found to fluctuate over the 28 day period ranging from 0.84 to 3.79 log CFU/g and were not significantly different Roots, leaves and whole plants were analysed separately. The data collected were analysed by analysis of variance procedures, and means were separated using the Duncan's multiple range test at the 5% level. Statistical analyses were done using SAS 9.2 software (SAS Institute Inc., Cary, NC, USA). *Means within rows followed by the same letters do not differ significantly (P ¼ 0.05).
( Table 4) . Whole plant analysis revealed a continuous gradual increase in internalised levels of S. Typhimurium from day 7 (4.34 log CFU/g) to day 28 (5.89 log CFU/g).
Statistical analysis showed that the internalisation levels were similar and not significantly different (Table 4 ).
The internalisation levels of S. aureus in lettuce roots
were not significantly different from day 7 (4.06 log CFU/g) to day 21 (4.48 log CFU/g), however a significant increase was observed on day 28 (7.1 log CFU/g), which is a similar pattern to that observed for S. Typhimurium in the mature lettuce roots (Table 4 ). The levels of internalised pathogen in the lettuce leaves increased significantly from day 7 (4.63 log CFU/g) to day 14 (5.87 log CFU/g), whereafter a significant decrease was observed on day 21 (3.82 log CFU/g) ( Table 4 ). Bacterial titres found for the whole plants ranged from 4.64 to 5.96 log CFU/g from day 7 to day 21, with a significant increase to 7.1 log CFU/g found on day 28 (Table 4) .
Comparison of the weight of both the roots and leaves of the pathogen inoculated mature lettuce plants to that of the control mature lettuce plants showed no real significant differences.
All presumptive pathogen isolates detected in mature plants by plate counts on the respective selective media were confirmed by PCR analysis using pathogen-specific primers. The absence of the four human pathogenic bacteria in the mature control plants was confirmed by PCR analysis of the microflora isolated from the plants.
Light and transmission electron microscopy
Pure cultures of the respective pathogens were used as a reference point when viewed under the LM in order to confirm the presence of the pathogens in the lettuce root and leaf cell (Figure 2 ). Long rod-shaped bacteria were present in both mature lettuce leaves and roots inoculated with E.
coli O157:H7 (Figure 2(a) ); short rods for L. monocytogenes (Figure 2(b) ) and S. Typhimurium (Figure 2(c) ); and coccishaped bacteria for S. aureus (Figure 2(d) ).
TEM revealed long rod-shaped bacteria (3.20 μm in length) in mature lettuce leaves and roots contaminated with E. coli O157:H7 (Figure 3(a) ). Short rod-shaped bacteria (1.25 μm in length) could be observed in mature lettuce leaf and root cells contaminated with L. monocytogenes (Figure 3(b) ). Furthermore, short rods averaging 1.63 μm were observed in the cells of mature lettuce leaves and roots contaminated with S. Typhimurium (Figure 3(c) ). Lastly, cocci-shaped bacteria averaging 1 μm were observed in the cells of the mature lettuce leaves and roots contaminated with S. aureus (Figure 3(d) ).
To confirm that the rod-and cocci-shaped structures observed in the mature lettuce leaves and roots were indeed bacteria, the images were magnified to confirm the presence of a double cellular bacterial cell membrane (images not shown). Cell shape and size of the waterborne pathogens were confirmed using the control pathogens pre- Concentrations ranging from as high as 10 9 CFU/mL of E. coli O157:H7 and S. Typhimurium (Franz et al. ) to as low as 10 2 CFU/mL of E. coli O157:H7 and S. Typhimurium (Jablasone et al. ) have been used to inoculate lettuce seeds in previous studies. Erickson et al. (b) reported no internalisation when lettuce leaves were inoculated with 10 6 log CFU/mL (4.4 log CFU per leaf) E. coli O157:H7, but it did occur when inoculated with 10 8 CFU/ mL (6.4 log per leaf). The inoculation concentration used in this study was 10 5 CFU/mL. An interesting observation was that even though initial inoculation concentrations differ between studies, the final concentration of internalised organisms was similar. In the present study, internalisation levels of E. coli O157:H7 remained relatively constant, reaching a high of 4.53 log CFU/g, suggesting the seedlings had reached a maximum carrying capacity (Table 2) . This is consistent with the study by Franz et al.
() where a similar carrying capacity of 3.95 (±1.02) log CFU/g of E. coli O157:H7 in lettuce seedlings was recorded. In a recent study by Erickson et al. (b) , 2.9 (±1.1) log CFU/g internalised E. coli O157:H7 was recorded for lettuce leaves, which is similar to previously reported internalisation levels. In the case of the latter, bacteria are pulled along with the movement of water as the water enters internal plant tissues.
The four human pathogens tested in this study entered the plants through water uptake, as was evident due to the tracking of crystal violet dye uptake in the roots and stems. In contrast to the Salmonella infection mechanism, human pathogenesis studies showed that E. coli O157:H7
did not destroy the host cell by phagocytosis. E. coli O157:
H7 adhere to the extracellular regions of the host cell, ultimately causing damage to the cell structure through complex processes, resulting in inflammation and the inability of the cell to absorb nutrients, thereby enabling the pathogen to enter the host cell (Deering et al. b) .
There are no reports in the literature of S. aureus cellulosic degrading enzyme isolation and characterisation.
However, a putative endo-1,4 beta-glucanase has recently been identified for S. aureus RF122 (EMBL Bank AJ938182). Interestingly, mutants of S. aureus strain with human pathogenesis genes inactivated, were attenuated in their ability to infect A. thaliana. These results indicate that as was observed for Salmonella, S. aureus infection mechanisms for plants and animals might be similar. 
CONCLUSIONS
In this study, the potential of human pathogenic bacteria (Gram-positive and Gram-negative) to internalise lettuce seedlings grown in vermiculite in seedling trays and hydroponically grown mature plants in a pre-harvest environment, was confirmed. Regardless of the modes of infiltration, internal tissues of the edible portions of fresh produce can provide a microenvironment for bacteria where they are protected from removal, allowing colonisation and potential survival. Improved monitoring and water quality control is therefore needed to avoid fresh produce contamination. This study highlights the potential impact of using contaminated agricultural water in fresh produce production and processing systems on food safety.
Although the controlled environment used to study potential internalisation does not mimic the complexity of the natural environment, it does show the potential of endophytic presence of human pathogens in plant tissue and provides additional support for similar internalisation studies.
